Abstract-We report on a capacitive micromachined ultrasonic transducer (CMUT) featuring isolation posts (PostCMUT) as a solution to the charging problems caused by device fabrication and operation. This design improves the device reliability. The PostCMUTs were fabricated using a newly developed process based on the wafer-bonding technique. Paired tests showed the superior reliability characteristics of the PostCMUT design compared to those of conventional CMUT designs. No deleterious effect of the new design was seen in preliminary ultrasonic tests or in process yield. PostCMUTs, a design that serves as a solution to the aforementioned reliability problem, constitutes a major contribution to CMUT commercialization.
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I. Introduction
A capacitive micromachined ultrasonic transducer (CMUT) is a parallel plate capacitor with a rigid bottom electrode and a top electrode residing on or within a flexible membrane [1] . A direct current (DC) bias voltage is applied between the electrodes to deflect the membrane to an optimum position for CMUT operation. During transmission an alternating current (AC) signal is applied to the transducer. The alternating electrostatic force between the electrodes actuates the membrane in order to deliver acoustic energy into the medium surrounding the CMUT. During reception, the impinging acoustic wave vibrates the membrane, thus altering the capacitance between the electrodes. This capacitance change is detected.
Reliability problems in the electronic and mechanical parts of micro-electro-mechanical systems (MEMS) devices constitute a commercialization barrier [2] - [5] . In this regard, CMUTs are no exception. Single-crystal, siliconmembrane CMUTs built with the wafer-bonding technique [1] show improved mechanical reliability and yield compared to surface micro-machined CMUTs [6] . However, both types of CMUTs suffer from charging problems [7] caused by charges trapped in the thin dielectric layer (e.g., silicon nitride or dioxide) used to insulate the electrodes [4] . There are at least two sources of these trapped charges: the fabrication process and the strong electrical field within the transducer cavities during operation. Charges can be trapped in surface/interface states or within the dielectric layer [2] , [8] , [9] . The cause and effect of trapped charges seen in CMUTs are similar to those seen in CMOS devices [10] . The trapped charges may shield the electrode surface, thus causing unpredictable changes that depend on both frequency and amplitude of the applied signal, in the DC operating point and device performance [9] . Moreover, they also may create an electrostatic force that prevents the membrane from snapping back after collapse [7] .
II. Design and Fabrication
We propose a new CMUT design ( Fig. 1) , with isolation posts as a solution to the charging problems. In this design, one or a few isolation posts replace the isolation layer used to prevent shorting between the CMUT electrodes during operation. We set out to solve the CMUT charging problem by incorporating isolation posts into the device design. The height, location, size, and shape of the posts need to meet two criteria: to prevent shorting during the operation, and to make the transverse area of the oxide posts small enough so that charges trapped in them have a negligible effect on device operation. Different post designs can be used to optimize a PostCMUT (isolation posts) for a specific application. Due to limited space, we present only one design, the 9-point PostCMUT, to demonstrate that it solves the charging problem.
A new high-yield wafer-bonding technique with few process steps was used to fabricate the PostCMUTs. In this process, the membrane shape is not determined by the shape of the cavities or the posts. The PostCMUTs were fabricated as described earlier [1] , with one additional lithography step to pattern the silicon oxide layer using a designed feature mask. Fig. 1 
III. Experiment Results
Capacitance-bias voltage (CV) measurements were performed to characterize the CMUT reliability. In each experiment, pair-wise tests (one PostCMUT and one conventional CMUT) were performed under identical measurement conditions to ensure a fair comparison. An HP33120A (Hewlett-Packard, Palo Alto, CA) signal generator was used as the AC source in the CV measurements. We used a negative DC bias source (PS-310, Stanford Research Systems, Sunnyvale, CA) and the signal generator to generate a 60 mV, 5 kHz AC signal (f ). This frequency was chosen to get a "static-like" result from the AC measurement. An AC-coupled oscilloscope (HP Infinium 500 MHz) (Hewlett-Packard, Palo Alto, CA) digitized the signal from a voltage divider consisting of a resistor (150 kΩ) and the CMUT. The bias was either monotonically increased or decreased for the CV-curve recording. All of the capacitance measurements reported here were carried out in air as it was found that no significant difference was seen between the measurements performed in air and in oil.
Five consecutive CV measurements were made first for an untested conventional CMUT and an untested Post-CMUT to investigate initial charging caused by the fabrication process. Next, each device pair was connected to an ultrasound pulser to receive a controlled spiking treatment in the form of 0.5-120 h of −140 VAC 50 ns pulses generated at 2 kHz repetition rate. The bias was 30 V during the treatment. The CV curves were remeasured post treatment and compared to the pretreatment data. After the pulse test, a classical far-field ultrasonic pitch-catch (PC) test was performed in oil using a broadband hydrophone as receiver (PZT Z44-0400, Specialty Engineering Associates, Sunnyvale, CA), to show that the post design does not generate unexpected features in the ultrasonic performance of the device.
Charging was observed in all of the conventional CMUTs tested.
• The CV-curve shape changed, rather than simply shifting along the bias voltage axis, during the initial cycling tests due to a redistribution of the trapped charges created during the fabrication, Fig. 2(a) . The shape change was most pronounced at high-bias voltages, probably because a strong electrical field can move charges from their current trap sites more effectively than a weak field. In most cases the CV curve became stable after 10 test cycles.
• The subsequent 80-h paired spiking treatment caused all of the conventional CMUT CV to shift along the bias axis (>20 V), Fig. 2(b) and (c), or caused permanent stiction of the membrane with the bottom electrode due to the field from induced charges trapped in the oxide layer.
Charging was never observed in the PostCMUTs. Their CV-curve shape was nearly identical in the initial test and in the pre-and post spiking test, Fig. 2(d) . Neither transmission nor reception tests revealed charging. No hysteresis (i.e., dependence of the measured capacitance on both current and previous bias voltages), was observed in the ultrasonic tests after membrane-post contact. Thus, the PostCMUT design also remedied another problem with conventional CMUTs operating in the collapsed region, namely hysteresis [9] . The reduced hysteresis may be explained in the following way: Hysteresis usually is due to contact forces between contacting surfaces. When using a PostCMUT, there is no hysteresis evident in precontact mode, as is the case with a conventional CMUT. After contact, unlike the conventional CMUT, the contact area of the membrane and the post is independent of the bias voltage, as is also the contact force between the membrane and the post. There is, of course, a slight hysteresis during membrane-post contact. This hysteresis is negligible due to the small post size.
The ultrasonic performance of PostCMUTs was similar to that of conventional CMUTs. Thus, the posts did not degrade the postCMUT performance. The time domain signals and their spectra showed no unexpected features (Fig. 3) either before or after spiking.
IV. Conclusions
The results indicate that, by incorporating isolation posts into the CMUT design, it was possible to provide a solution to the device-charging problem seen in conventional CMUTs. No deleterious side effects of the new design were observed in the ultrasonic tests. The PostCMUTs were fabricated using a slight modification of a newly developed process based on the wafer-bonding technique. The PostCMUT design improved the reliability of CMUTs and, hence, constitutes a major contribution to CMUT commercialization.
